Introduction
Flavivirus, a genus of over 70 viruses, contains both arthropod-and non-arthropod-borne viruses. Table 1 lists the arthropod-borne flaviviruses important to human health. The geographical distribution of arthropod-borne flaviviruses between continents likely results from the circumpolar and bipolar migration of infected seabirds that pass through coastal regions of North America and Europe. 1, 2 Land-based birds mingle with migrating birds and carry the infections inland, as demonstrated by the spreading foci of Lyme disease, a bacterial disease vectored and hosted by the same ticks and birds respectively that carry flaviviruses.
The author previously published a correlation of the global distribution of schizophrenia with tick-borne flaviviruses, especially tick-borne encephalitis carried by the Ixodes tick species in North America. 6 In the United States, a statistically significant relationship exists between the geographic distributions of Ixodid ticks and schizophrenia rates (P Ͻ 0.0001). Globally, where tick and schizophrenia distributions are less defined, the correlation has varying degrees of consistency and specificity. The correlation suggested that tick-borne flaviviruses, perhaps a virus not yet identified, could be involved in the etiology of schizophrenia. Another theory 7 hypothesized that the geographical similarities could result from the effect of the flavivirus-resistance gene, Flv, a gene mapped to chro- Table 1 Arthropod-borne flaviviruses important to human health Molecular Psychiatry mosome 5 (67.0 cM) in some mouse strains (http://www.informatics.jax.org).
The flavivirus-resistance theory 7 noted the resistance gene in mice also confers supersensitivity of the dopaminergic temperature control system. The theory also suggested the existence of a gene conferring resistance to Lyme disease. This gene was hypothesized to explain the reported low frequency of rheumatoid arthritis in persons with schizophrenia. Supporting this notion is the recent mapping of loci governing arthritis severity in the murine model of Lyme disease to mouse chromosomes 4, 5 and 11. 8 The severity of arthritic ankle swelling mapped to chromosomes 4 and 5, and arthritic histopathology mapped to chromosomes 5 and 11. On chromosome 5, ankle swelling was located at cM 60-80 and flanked by D5Mit24-D5Mit98. Histopathology was mapped to cM 44-53 and flanked by D5Mit308-D5Mit91. Human syntenic regions for severity of ankle swelling included 22q11, identified as both a schizophrenia and a bipolar disorder susceptibility locus, 9,10 and 7q21.3-q22.1; 7q22 being the syntenic region for cM 67.0, the location of Flv (http://www.ncbi.nlm.nih.gov and http://www. informatics.jax.org). The remaining human syntenic regions for the intervals for ankle swelling and histopathology on chromosome 5 included 12q22-24.3, 7q11.23 and 4q11-q21.1.
The identification of flavivirus-resistant strains of mice first occurred in the early 1930s from studies of Yellow Fever, a flavivirus. 11, 12 Further studies demonstrated that an autosomal dominant gene conferred resistance, and that resistance correlated with reduced levels of viral multiplication in the brain.
11, 13 Sabin later found that inhibition of multiplication conferred resistance to several flaviviruses and appeared to be flavivirus-specific.
11,13
Flv has different allelic forms. [14] [15] [16] Most common laboratory mice do not carry the resistance allele but rather the flavivirus-susceptible allele. 11, 17 Flavivirus resistance was first detected in Det, BSVR, BRVR, and PRI mouse strains, but later work established the gene in C3H/RV and, more recently, in significant populations of wild mice. 11, 17 The presence of the gene in wild mice suggests the gene had an ancient evolutionary origin and provided a survival advantage to its carriers. 18 Flv has not been sequenced, and its exact function remains unknown, but evidence suggests resistance results from interactions of cellular proteins with flaviviral RNA, not from the effects of either interferon or defective interfering virus.
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The flavivirus genome consists of single-stranded RNA of positive polarity that is 5Ј capped but not 3Ј adenylated. 19 Flavivirus RNAs contain conserved elements in their 3Ј untranslated regions (UTR). The 3Ј ends of flaviviruses vary in sequence, length and structure, but the distal ends contain the most conserved elements. 20 Flavivirus 3Ј-UTRs also form conserved secondary structures that may function as cis-acting signals for RNA replication. [20] [21] [22] [23] [24] [25] Such structures include 'pseudoknots'. 23 One study 26 demonstrated the presence of cell proteins that bind to the negative 3Ј UTR of flavivirus RNA. Four such proteins from resistant cell extracts form RNA-protein complexes with the stem loop of the UTR. One RNA-protein complex had a half-life three times longer in resistant mice than in susceptible mice. The increased binding activity resulted in a reduced synthesis of plus-strand RNA as observed in the resistant mouse strain. One of the binding proteins was later identified as translation elongation factor-1␣. 27 Translation elongation factor 1-␣ (EF-1), an abundant cellular protein, forms complexes with three or four subunits (␣,␤,␦,␥) to form a 'heavy' form of EF-1. 28 This complex may be a storage form for when protein synthesis is low. 28 In addition to its role in binding aminoacyl-tRNAs to mRNA-programed ribosomes, EF-1 appears to have a role in other cellular processes including stabilization of the cytoskeleton. 28 Numerous studies show abnormal, usually reduced, mRNA, mRNA replication and protein levels in the brains of persons with schizophrenia. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Some studies have not replicated these findings although the negative findings may be brain region-specific. [44] [45] [46] This paper demonstrates that the nucleotide sequence of the 3Ј-UTRs of four selected flavivirus RNAs manually translate peptide sequences containing similarity to several proteins implicated in the etiology of schizophrenia. This paper further shows that the sequence homologies between the proteins and viral UTRs correlate with sequence homologies between EF-1 subunits and the proteins. These homologies could allow a protein like EF-1 to interfere with the translation of proteins and cause the protein abnormalities observed in schizophrenia if individuals with schizophrenia were carriers of Flv, and if EF-1, or a similar product, were the product of Flv. The variety of genetic loci for schizophrenia susceptibility would then result from abnormal protein translation rather from abnormal genetic sequence.
Comparisons of the flavivirus RNAs with the protein sequences of fibronectin and various forms of collagen are included. Fibronectin abnormalities have been identified in schizophrenia, 47, 48 and fibronectin and/or collagen contribute to the mechanical and metabolic function of the placenta. [49] [50] [51] [52] [53] [54] [55] Various forms of collagen inversely correlate with low-birth weight and linear growth of pre-term infants. 56, 57 Several studies found an association of schizophrenia with pre-term, postterm and small-for-gestational-age status, low birthweight, bleeding during pregnancy, and premature rupture of the membrane. 58, 59 The association of schizophrenia with obstetric complications could result from interference with the translation of collagen and fibronectin mRNA by an inhibiting protein.
Methods
This paper follows an approach found in Weijers et al. 60 These authors used the National Biomedical Research Foundation (NBRF) 61 (http://wwwnbrf.georgetown.edu) protein databank to show that human pancreatic amylase has a marked homology Table 2 Alignment of the neurotrophin receptor trkC precursor (NTR) (A55178) with the 3Ј-UTR of YFV with the Yellow Fever virus (YFV) major envelope protein E, possibly indicating the origin of an autoimmune response to normal host antigens. The current paper reports the results of two comparisons of the manually- Table 3 Peptide sequence obtained from 3Ј-untranslated regions of KUN, POW, TBE and YFV
Molecular Psychiatry translated amino acid sequence of the 3Ј-UTRs of YFV, Powassan virus (POW), tick-borne encephalitis virus (TBE) and Kunjin virus (KUN) to sequences of selected proteins. Thirteen of the 59 selected protein sequences were from non-human species. The first comparison was a two-way comparison between the 3Ј-UTRs and proteins implicated in the etiology of schizophrenia. The purpose of the first comparison was to identify the extent of homology between the proteins and UTRs as expressed by the UTR sequence overlapped by the protein. The second comparison was a three-way comparison between the subunits of EF-1, the proteins and the UTRs. The purpose of the second comparison was to identify what elements of the protein sequence showed homology not only to portions of two or more UTRs but also to portions of one or more subunits of EF-1. The chosen viruses are widely separated geographically and phylogenically. 62 YFV is vectored by mosquitoes in tropical areas; KUN by mosquitoes in Australia and Asia; TBE by ticks in Europe, and POW by ticks in North America and Russia. 62 KUN is a subtype of West Nile virus. 63 Weijers et al 60 compared two protein sequences already present in the NBRF database. The current analysis used the SSEARCH program in the 'pairwise alignment' program in NBRF to compare peptide sequences in the database with the manually-entered UTR sequences. The 3Ј-UTRs of flaviviruses contain sequences that code for 'stop.' 'Stops' were entered as 'X' in the sequence presented to the NBRF database for comparison. Table 2 shows the correlation of the sequence for the neurotrophin receptor trkC precursor with the 3Ј-UTR of YFV as an example of the method of correlation. The peptide sequence for the 3Ј-UTR of YFV was obtained by manually translating the nucleotide sequence in Rice et al, 25 beginning with nucleotide 10376 and ending at the terminal nucleotide, 10862. The sequence obtained is shown in Table 3 . The peptide sequences for POW, TBE, KUN (Table 3) were manually translated in a similar fashion from 3Ј-UTR nucleotide sequences in Mandl et al, 64 Pletnev et al, 65 and Coia et al, 66 respectively. The POW 3Ј UTR began with nucleo- tide 10356, the TBE 3Ј UTR with nucleotide 10365, and the KUN 3Ј UTR with nucleotide 10395.
Results
The results of the comparisons are presented in Tables  4 and 5. Table 4 lists each protein with its NBRF reference number. All protein sequences were of human origin unless otherwise specified. Next to each protein is shown the Smith-Waterman score and a percent (%) identity for the correlation of the protein with the viral 3Ј-UTRs as calculated by the NBRF pairwise alignment program. Smith-Waterman scores are generated by the NBRF database, and are used to determine the best region of local similarity between a pair of sequences. The numbers shown in Table 4 represent the amino acid positions on the viral UTRs that the pairwise alignment program identified with the % identity. Amino acid sequences shown in bold are those that represent greater than 50% of the viral UTR.
Smith-Waterman scores ranged from a high of 81 for the correlation of YFV with neurotrophin receptor trkC precursor to a low of 21 for correlations of the S-100 protein beta chain and ubiquinol-cytochrome c reductase (platypus) with TBE. Twenty-two protein correlations showed varying identities spanning more than 50% of only one viral UTR; 12 proteins overlapped more than 50% of two UTRs, three proteins overlapped more than 50% of three UTRs, and four proteins overlapped more than 50% of all four UTRs. Several proteins, including one collagen protein, dopamine receptor D3, fibronectin, microtubule-associated protein 2-MAP2B, inducible nitric oxide synthase, synapsin I and synapsin Ib showed 20-30% identities with more than 50% of the sequence lengths of three or more viral UTRs. Many of the similarities were lengthy, such as synapsin 1b, which showed 22.3% identity with amino acid positions 1-147 of the 162-amino acid long YFV UTR. Table 5 repeats the listing of the proteins with their NBRF reference numbers. In this table, the numbers shown are the protein amino acid sequences that the viral UTRs and the four EF-1 subunits correlated to in the sequence alignment program. Sequences shown in bold are those for which two or more viral UTRs and one or more EF-1 subunits showed overlapping similarity. Underlined sequences demonstrated less consistent similarities but still represented various types of correlation. Variations included one UTR-to-protein correlation overlapping with one EF-1-to-protein correlation, or two separate UTR-to-protein correlations agreeing with two separate EF-1-to-protein correlations respectively. Several degrees of similarity are reflected by the data ranging from seven of the 59 correlations having no overlapping amino acid sequence, to five correlations having seven of eight possible overlaps, and four correlations with all eight sequences overlapping, For example, the overlap of all four viral UTRs with brain-derived neurotrophic factor correlates with the overlap of all four EF-1 subunits with brain-derived neurotrophic factor. One correlation of note is that of synaptotagmin with the POW UTR and one EF-1 subunit. The overall percent identity between the protein and the POW UTR is 27.4%, and the ␤-subunit of EF-1 correlates with amino acid positions 86-147 on the protein, and the POW UTR correlates with amino acid positions 88-146 on the protein.
Discussion
To overcome the growing number of inconsistent results in genetic studies of schizophrenia, some researchers advocate an epigenetic mechanism, specifically DNA changes in methylation and/or chromatin structure. [67] [68] [69] An alternative mechanism could be 'translational pathophysiology', or the interference by upstream or downstream regulatory components with translation of mRNA into protein. 70 Most diseases identified to date caused by translational pathophysiology result either from mutations that impact the efficiency of translation, or from alterations in trans-acting factors required for RNA processing, especially splicing of pre-mRNAs. 70, 71 The emerging literature in this field suggests that significant control of translation occurs early in development and takes place in the mRNA 3Ј and 5Ј UTRs. 70, 72 The results of the current study suggest that the abnormal, usually decreased, protein and mRNA levels observed in schizophrenia could result from translational pathophysiology. In this hypothesis, Flv would produce a protein that inhibits the translation of mRNA having homology with flaviviral UTRs. This type of mechanism varies from the currently recognized types of pathological translation, and is novel in concept although related to the mechanism proposed by Weijers et al. 60 That study identified homology between the amino acid sequence of a fragment of the YFV major envelope protein E with the amino acid sequence of human pancreatic amylase. The homology was then used to suggest the notion of immunological reactions to normal host antigens, resulting from incorrect recognition of host antigens for YFV. While the current study suggests a translational interruption is the primary abnormality in schizophrenia, there is also the possibility that the similarities between protein and viral sequences cause an autoimmune reaction. The activation of the immune system observed in schizophrenia could result from mistaken recognition of the proteins for flaviviruses if antigenic determinants are present in the 3Ј-UTRs.
Flv interference with translation is not inconsistent with seasonal patterns of births of persons with schizophrenia. More than one species, especially the guinea pig, demonstrates winter-summer fluctuations in protein metabolism and/or immunological status. [73] [74] [75] The guinea pig is, for example, easy to sensitize for contact sensitivity in the winter and spring, but almost completely refractory in the summer. 73, 74 The release of acetylcholine from the guinea pig ileum is lower in the winter than in the summer. 75 The function of Flv
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against flavivirus infection could theoretically be seasonally active; more active in spring than other seasons, having evolved in parallel with arthropod vector activity. As winter births in humans result from spring conceptions, the Flv protein could impair the translation of mRNA more frequently in winter births. The correlations presented here provide support to the notion that translational pathophysiology should be evaluated as a potential mechanism for causing the protein abnormalities observed in schizophrenia, perhaps as the primary defect causing schizophrenia. The evidence warrants identification of the Flv product, and screening for the product or Flv in persons with schizophrenia.
